Fifty-nine percent of unselected strains of Haemophilus parainfluenzae were found to carry small, phenotypically cryptic plasmid DNA species. Using filter blot hybridization, we found several plasmids which were homologous to the small j-lactamase-specifying plasmids pJBl and pFA7, which were originally isolated from Haemophilus ducreyi and Neisseria gonorrhoeae, respectively. Detailed filter hybridization studies combined with electron microscope heteroduplex analysis suggested that three cryptic plasmids are completely homologous to the non-TnA sequences of pJBl. One cryptic plasmid was found to be highly homologous to pJB603, a small P-lactamase plasmid previously found in two isolates of H. influenzae. A second group of plasmids were found to carry sequences homologous to pJBl and other sequences homologous to pJB603. These results strongly suggest that small ,-lactamase plasmids found in Haemophilus species and N. gonorrhoeae may have arisen by insertion of the transposable P-lactamase-specifying element TnA into small, phenotypically cryptic replicons resident in H. parainfluenzae. Attempts to reproduce such a recombination event in the laboratory were not successful.
P-lactamase production in Haemophilus species has been found to be specified by two distinct groups of plasmids. In H. influenzae the plasmids have a molecular mass of about 30 megadaltons (MDa), are conjugative, and carry 100% of the transposable TEM 3-lactamase-specifying sequence TnA. Their non-TnA sequences are highly related to those of other conjugative tetracycline and chloramphenicol resistance-specifying plasmids (15, 19) . ,-Lactamase production in Haemophilus ducreyi, Haemophilus parainfluenzae, and a single reported isolate of H. influenzae is specified by small 3-to 7-MDa nonconjugative plasmids such as RSF0885, pJB1, and pHD131, which contain 30 to 100% of the TnA sequences (5, 7, 15, 18) . These plasmids have been shown to be highly related to the P-lactamase plasmids pFA3 and pFA7 found in Neisseria gonorrhoeae (5, 7, 26, 29) .
Albritton et al. reported a 5.4-MDa P-lactamase-specifying plasmid designated pJB603, which was found in an H. influenzae isolate and differed from pFA3 and pJB1 in its non-TnA sequences (1) .
Falkow et al. hypothesized that the P-lactamase plasmids found in Haemophilus species and N. gonorrhoeae originated by transposition of TnA, possibly derived from an enteric source into phenotypically cryptic indigenous plasmids (15, 26) . In support of this hypothesis, Laufs et al. demonstrated a 27-MDa cryptic plasmid in an isolate of H. influenzae. Eighty-two percent of its sequences were homologous to the 30-MDa conjugative P-lactamase-specifying plasmid pKRE5367 (19) . Albritton et al. found two cryptic plasmids homologous to the gonococcal ,-lactamase plasmid pFA3 in a study of 122 respiratory and 82 genitourinary isolates of H. influenzae (1) . We present here evidence that phenotypically cryptic plasmids homologous to the small 1-lactamase plasmids occur relatively commonly in H.
parainfluenzae. Some are virtually identical by restriction endonuclease digestion pattern and electron microscope heteroduplex analysis to the non-TnA sequences of pFA7 and pJB1, the ,B-lactamase-specifying plasmids found in N. * (20) . In addition, some genitourinary isolates of H. influenzae which were described previously were studied (1). The plasmids used for comparison and hybridization purposes are listed in Table 1 . Isolates were screened for resistance to ampicillin, tetracycline, chloramphenicol, and kanamycin by disk sensitivity testing as previously described (3) . For the purpose of this study a cryptic plasmid is defined as one which is not associated with resistance to these four antibiotics.
Plasmid analysis. Overnight growth from three plates of chocolate agar was lysed by the sodium dodecyl sulfate (SDS)-salt precipitation method and analyzed by agarose gel electrophoresis as described by Meyers et al. (23) . Molecular weight standards were Rl drd-19, RP4, Sa, RSF1010, pBR322, and pMB8. Large amounts of plasmid DNA were purified from H. parainfluenzae isolates by scaling up the Portnoy-White procedure (10) . In some cases plasmids were electroeluted from agarose gels as described by Maniatis et al. (21) . Restriction endonucleases were purchased from Bethesda Research Laboratories or Boehringer Mannheim, and reactions were carried out under the conditions recommended by the supplier. Southern transfer and hybridization. After electrophoresis on 0.7% agarose gels, plasmid DNA was nicked with a short-wave UV transilluminator and by treatment with 0.25 N HCl before denaturation. Otherwise transfer to nitrocellulose was performed as described by Southern (28) . Hybridization was carried out at 37°C in 50% formamide and 2x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate). After hybridization, blots were washed in 2x SSC at 60°C before autoradiography. AluI digests of plasmid DNA were electrophoresed in 7.5 to 15% polyacrylamide gradient gels before being electrotransferred to diazobenzyloxymethyl (DBM) paper (31) . Transfer was performed in 25 mM phosphate buffer, pH 5.5, with a Biorad transblot apparatus at 0.3 A for 2 h, followed by 0.85 A for 2 h. Hybridization was performed at 37°C in 2x SSC-50% formamide as described by Wahl (31) . Autoradiography without an image intensifier was found to give the best definition of bands.
Electron microscope heteroduplex analysis. Heteroduplex analysis was performed as described by Davis et al. (11) . BamHI-cleaved pHPA300 or pHPA10 DNA was hybridized with PvuII-or BglI-cleaved pFA3 or pFA7 DNA or open circular pHD131 and pJB1 DNA in 50% formamide for 5 h. Heteroduplexes were spread on a 20% formamide hypophase, and grids were shadowed with platinum-palladium. Single-and double-stranded molecules of the individual plasmids used in a heteroduplex reaction were used as internal molecular mass standards.
Intergeneric matings. E. coli J53(pUB307, RSF1010::TnA) in log phase was plate mated with a spontaneous streptomycin-resistant mutant of H. parainfluenzae HPA10 overnight.
The mating mixture was suspended in broth, and dilutions were plated on agar containing streptomycin (50 ,Ig/ml) and ampicillin (15 ,ug/ml); 0.1 ml of the dilutions were spread and overlaid with 3 ml of soft agar containing bacteriophage T6 (108 PFU/ml). Transconjugants were purified and subjected to plasmid analysis. RESULTS
Presence of small cryptic plasmids. Cryptic plasmids with a mass less than 10 MDa were found in 41 of 69 (59%) unselected strains of H. parainfluenzae which had been isolated in Edmonton (data not shown). The plasmids in these strains as well as a collection of 20 strains known to carry cryptic plasmids (isolated in Winnipeg) and several isolates from Thailand were then examined for homology to the small P-lactamase plasmids pFA3 Table 2 . Plasmids homologous to pFA3 were found in epidemiologically unrelated respiratory and genitourinary strains of H. parainfluenzae isolated in the two Canadian cities as well as in Thailand.
Molecular characterization of plasmids homologous only to pFA3. Figure 2 shows that the AluI digestion patterns of the cryptic plasmids pHPA300, pHPA954, and pHPA10 were almost identical; many of the fragments, including the largest one, comigrated with fragments of the gonococcal 1-lactamase plasmid pFA7. We did not find any cryptic plasmids which had two large AluI fragments which comigrated with those of pFA3 (data not shown). Therefore, pFA7 was used as a probe for further hybridization studies. Nicktranslated pFA7 was hybridized to AluI-digested pHPA10 DNA which had been electrotransferred to DBM paper after electrophoresis in a polyacrylamide gradient gel. pFA7 DNA hybridized to all AluI fragments of pHPA10 (Fig. 3, lanes A  and a) . In the reciprocal hybridization, labeled pHPA10 hybridized to all but a few of the pFA7 fragments (Fig. 3,  lanes B and b) . Those fragments of pFA7 which were not homologous to pHPA10 were shown to be TnA sequences in hybridizations with the ,B-lactamase plasmid pJB603 as probe (Fig. 4) . pHPA10 hybridized to all but the two smallest fragments of pHPA300 (Fig. 3, lanes C and c) . Hybridization to the latter fragments was easily detected when more DNA was loaded on the gel in other experiments (data not shown). containing plasmids, RSF1030 and RSF1050, showed no hybridization at all to pHPA300, pHPA10, or pHPA954 (data not shown).
To confirm the filter hybridizations, we performed electron microscope heteroduplex experiments. In Figure 5 , panel 1 shows a heteroduplex between pHD131 and pHPA300. The structure consists of a 2.5-MDa doublestranded circle with two insertions-one of 1.3 MDa and the other of 3.2 MDa. Heteroduplexes between pHPA300 and pJB1 showed a double-stranded circle of 2.5 MDa and single insertion of 3.2 MDa as expected (data not shown). Panel 2 of Fig. 5 shows a heteroduplex between BglI-cleaved pFA3 and BamHI-cleaved pHPA300. A double-stranded circle of 2.3. MDa, an insertion loop of 1.3 MDa, and a substitution loop having arms of 1.0 and 0.2 MDa were seen. The 1.0-MDa arm was cleaved, indicating that it was derived from the TnA sequences of pFA3 (25) . Heteroduplexes between pFA7 and pHPA300 showed the same substitution loop, but the 1.3-MDa insertion loop was absent, as expected (data not shown). The same structures were seen when pHPA10 was heteroduplexed with the B-lactamase plasmids (data not shown).
Plasmids pHPA1025, pHPA1472, and pHIH2, which had been shown to be homologous to both pFA3 and pJB603, were studied in more detail. Lanes B and C of Fig. 6 show that pHPA1472 contained many fragments homologous to pFA7, while only the two largest fragments were homologous to pJB603. Lanes E and F show that all pHIH2 fragments except the third largest were homologous to pFA7, while pJB603 hybridized slightly to fragments 1 and 2 and strongly to fragment 3. Lane H shows that pFA7 failed to hybridize to any fragments of pHPA1025, although in other experiments, pFA3 hybridized to three fragments (data not shown). pJB603 hybridized strongly to fragment 8 of pHPA1025 (lane I). Finally, it can be seen from Fig. 7 that many but not all pHPA200 AluI fragments were homologous to pJB603.
We attempted to reproduce the putative recombination event which resulted in the formation of pJB1 and pHD131 by introducing TnA-carrying plasmids into H. parainfluenzae HPA10. pHD147::TnA was transferred to HPA10. This strain was mated with an E. coli recipient, but we were unable to demonstrate the transfer of pHPA10: :TnA VOL. 168, 1986 on November 6, 2017 by guest http://jb.asm.org/ Downloaded from recombinant plasmids. In a second attempt, E. coli J53(RSF1010::TnA, pUB307) was used to transfer RSF1010::TnA to HPA10 as described in Materials and Methods. Plasmid DNA was isolated from this strain and transformed into E. coli. Again we were unable to demonstrate a pHPA10::TnA recombinant plasmid. DISCUSSION Our results support the hypothesis that the smalllactamase plasmids of N. gonorrhoeae and Haemophilus species originated by insertion of TnA into a replicon indigenous to Haemophilus species. Phenotypically cryptic plasmids found in three epidemiologically distinct strains of H. parainfluenzae had AluI digestion patterns which were almost identical. Hybridization studies showed that these plasmids were highly homologous to the ,B-lactamase plasmids pFA7 and pJB1. The heteroduplexes between pJB1, pHD131, and pHPA300 all had 3.2-MDa insertion loops. This strongly suggests that a plasmid such as pJB1 could have arisen directly by insertion of TnA into a plasmid such as pHPA300. We believe that the evidence in favor of the hypothesis is strengthened by the finding that the unrelated H. influenzae 1-lactamase plasmid pJB603 is highly related to the cryptic plasmid pHPA200.
The lack of hybridization with TnA-containing probes strongly suggests that the cryptic plasmids are entirely devoid of TnA sequences, ruling out the possibility that they are P-lactamase-negative deletion derivatives of pFA7 or pJB1. The finding of a series of cryptic plasmids (pHIH2, pHPA1472, and pHPA1025) bearing various degrees of relationship to both pFA3 and pJB603 suggests that plasmids pHPA300, pHPA10, and pHPA200 are indigenous to H. (14, 29) . Sox et al. showed that the two largest AluI fragments of pFA3 are partially deleted and fused to form the largest AluI fragment of pFA7 (29) . Dickgiesser et al. used heteroduplex analysis to confirm that the plasmids differ by a single 1.3-MDa insertion or deletion and suggested that the sequence may be bounded by inverted repeats (14) . Brunton et al. concluded that the H. ducreyi plasmid pHD131 contains the same sequence, while pJB1 does not (7) . On the basis of the AluI digestion patterns and the heteroduplex experiments, the three H. parainfluenzae cryptic plasmids most closely related to pJB1 and pFA7 do not carry this 1.3-MDa sequence. However, preliminary evidence that such sequences occur in pHPA1-025 was obtained. This plasmid appeared to be otherwise completely unrelated to the gonococcal 1-lactamase plasmids.
Study of sulfonamide resistance plasmids in H. ducreyi showed that they were 80% homologous to the broad-hostrange plasmid RSF1010, suggesting that they represent an extension of the enteric (or other) plasmid pool into Haemophilus (2). Using RSF1010::Tnl, we have now demonstrated that such an event can occur in the laboratory when a suitable high-frequency-mobilizing plasmid is used.
If we postulate that recombinant ,B-lactamase plasmids such as pJB1 and pHD131 arose by insertion of TnA sequences derived from the enteric plasmid pool, we should have been able to demonstrate such an event in the laboratory. Our failure to do so probably reflects the low probability of such an event occurring combined with the low probability of detecting it. Another question that needs to be answered definitively is how recombinant 1-lactamase plasmids which arose in H. parainfluenzae may have been introduced into other Haemophilus species and N. gonorrhoeae. With the exception of a single successful transfer of a pFA3-like plasmid from H. parainfluenzae to N. gonorrhoeae by Sparling et al. (30) 
